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ABSTRACT 


Although  the  "textbook"  Class  B  approach  to  rf  amplifier  design  yields  high  output 
power  and  reasonable  collector  efficiency  (78.5  percent  at  maximum  output  power), 
neither  the  power  nar  the  effic iency  are  optimum,  and  both  are  dependent  an  rf  drive 
level.  This  report  presents  an  analysis  af  appropriately  selected  col  lector  voltage 
and  current  waveforms  which  determine  the  lood  impedance  at  the  fundamental  and 
harmonically  related  frequencies;  these  conditions  define  the  Class  B  "optimum  ef¬ 
ficiency"  case  with  100  percent  collector  efficiency  and  1.27  times  the  "textbook" 
Class  B  value  af  output  power.  If  the  rf  drive  level  is  increased  and  the  collector 
voltage  and  current  waveforms  are  appropriately  selected  so  that  the  amplifier  is 
overdriven,  a  different  load  impedance  is  determined;  these  conditions  define  the 
"optimum  power"  casewith  1.46  times  the  "textbook"  Class  B  value  of  output  power 
and  88  percent  collector  efficiency.  The  "optimum  power"  case  has  the  added  ad¬ 
vantage  of  resulting  in  an  output  power  and  collector  frequency  that  are  essentially 
constant  over  a  predetermined  range  of  drive  level. 

Finally,  the  theory  is  verified  by  the  construction  and  testing  af  a  UHF  power  ampli¬ 
fier  having  a  power  output  of  46  watts  and  an  overall  dc  to  rf  conversion  efficiency 
of  65  percent  with  an  output  power  insensitivity  ta  rf  drive  of  1  db  for  10.5db. 
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A  THEORETICAL  ANALYSIS  AND  EXPERIMENTAL  CONFIRMATION 
OF  THE  OPTIMALLY  LOADED  AND  OVERDRIVEN 
RF  POWER  AMPLIFIER 


I.  INTRODUCTION 

An  improvement  in  both  collector  efficiency  and  output  power  over  that  described  by  "text- 

* 

book"  Class  B  considerations  can  be  realized  if  the  load  impedance  at  the  fundamental  and  har¬ 
monically  related  frequencies  presented  to  the  output  terminals  of  a  tuned  power  amplifier  stage 
are  appropriately  selected.  Theoretical  collector  efficiencies  of  100  percent  at  1.27  times  the 
textbook  value  of  output  power  are  possible.  Furthermore,  if  the  amplifier  is  overdriven,  a  dif¬ 
ferent  load  impedance  can  be  derived  so  that  1.46  times  the  textbook  value  of  output  power  can  be 
achieved  with  88  percent  collector  efficiency.  This  technique  has  the  added  advantage  of  resulting 
in  an  output  power  and  collector  frequency  that  are  essentially  constant  over  a  range  of  drive  level. 

To  gain  an  intuitive  understanding  of  the  procedure,  consider  the  textbook  Class  B  waveforms 

shown  in  Fig.  1,  where  lc(0)  and  Vc(0)  have  the  arbitrary  peak  values  lg  and  Vcc  respectively  and 

0  is  in  radians.  Here,  does  not  necessarily  equal  the  device  breakdown  voltage  (V^r)  and  1 

does  not  necessarily  equal  the  device  saturation  current  (1  t).  That  is  to  say,  the  constraints  on 

output  power  are  not  those  imposed  physically  by  the  device  (V  ,  1  )  but  by  the  yet  to  be  designed 

br  sat 

external  circuit.  Let  the  collector  current  waveform  lc(0)  remain  unchanged  but  select  some 
new  collector  voltage  waveform  Vc(0)  so  that  the  fundamental  component  of  the  voltage  waveform 
is  greater  than  the  textbook  Class  B  value.  If  Vc(0)  is  symmetrical  about  Vcc,  then  the  dc  input 
power  is  the  same  as  the  Class  B  case,  but  the  fundamental  output  power  is  increased.  In  partic¬ 
ular,  if  Vc(0)  is  allowed  to  approach  a  square  wave  symmetrical  about  Vcc  and  a  peak  value  V^, 
it  will  be  shown  that  in  the  limit  the  collector  efficiency  approaches  100  percent.  Since  the  col¬ 
lector  voltage  and  current  waveforms  have  been  specified,  the  load  impedance  is  determined. 

This  is  called  the  "optimum  efficiency"  case. 

Next,  the  rf  drive  will  be  increased  by  some  amount  forcing  Vc(0)  and  lc(0)  to  be  as  shown  in 
Fig.  2,  determining  a  different  load  impedance.  Note  that  the  dc  input  power  has  increased,  since 
1^  of  this  new  lc(0)  is  greater  than  the  textbook  case.  However,  the  collector  efficiency  increases 
faster  than  the  dc  input  power.  It  will  be  shown  that  if  the  rf  drive  is  increased  by  5.2  db,  an  out¬ 
put  power  of  1.47  times  the  textbook  Class  B  value  is  developed  at  88  percent  collector  efficiency. 

For  the  following  analysis,  an  ideal  device  is  assumed  so  that  g  equals  0  volts,  h^. 
constant  and  so  forth. 


*T.  S.  Gray,  Applied  Electronics  (Wiley,  New  York,  19 57),  p.  403. 
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Fig.  1.  Class  B  cal  lector  current  and  voltage  waveforms. 
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Fig.  2.  Overdriven  Class  B  collector  current  and  voltage  waveforms. 
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Fig.  3.  Optimum  efficiency  Class  B  collector  current  and  voltage  waveforms. 


2 


n.  THE  OPTIMUM  EFFICIENCY  CLASS  B  TUNED  POWER  AMPLIFIER 


The  collector  voltage  and  current  waveforms  for  optimum  efficiency  Class  B  operation  are 

shown  in  Fig.  3.  Here  the  dc  input  power  is  held  constant  and  only  V  (0)  is  allowed  to  change. 

*  c 
A  Fourier  analysis  of  IC(U)  and  Vc(0)  must  be  made  to  find  the  magnitudes  and  signs  of  the  sine 

and  cosinusoidal  terms.  The  coefficients  of  the  Fourier  expansion  of  Ic(0)  are 
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where  I .  is  the  peak  value  of  the  n  harmonic  cosinusoidal  term  of  the  Fourier  expansion  of 


AN 

I  (0).  Also 
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where  1^  is  the  peak  value  of  the  fundamental  component  and 
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if 
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where  I  ^  is  the  peak  value  of  the  nth  harmonic  sinusoidal  term  of  the  Fourier  expansion  of 
1^(0).  The  coefficients  of  the  expansion  of  VJ0)  are 

VA0  =  Vcc  <7> 


where  is  the  dc  component  of  the  collector  voltage  waveform  and 
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*F.B.  Hildebrand,  Advanced  Calculus  for  Appl ications  (Prentice-Hall ,  New  Jersey,  1965),  p.  22 1 . 
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where  V  ^  is  the  peak  value  of  the  fundamental  component.  Also 

v  (0dd  n)  =  V  [2K  sin  (e  -  nO)  _  2K  sin  (0  +  nQ)  4  cosnQ 
BNV  '  CC  1  7T  7T  7T 


VBN(even  n)  =  0 


(12) 

(13) 


th 


where  is  the  peak  value  of  the  n  harmonic  sinusoidal  term  of  the  Fourier  expansion  of 


BN 

Vc(9).  Noticing  that 
K 


sin  0, 


(14) 


as  0^  approaches  zero  Vc(0)  approaches  a  square  wave  and  the  values  of  the  fundamental  com¬ 
ponents  of  the  collector  current  and  voltage  are 
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giving  an  output  power  at  the  fundamental  frequency  of 
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However,  the  dc  input  power  is 
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Therefore,  the  theoretical  collector  efficiency  approaches  100  percent  as  Vc(0)  approaches  a 
square  wave.  The  impedance  conditions  at  the  collector  to  common  terminals  (output)  are  nec¬ 
essarily 


VB1  8  Vcc 


Ir 


7 r  I 
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so  that  the  fundamental  load  impedance  is  all  real  and 
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Therefore,  for  100  percent  collector  efficiency  we  must  have  a  short  circuit  presented  to  the 
output  terminals  at  the  second  harmonic  frequency  and  alternating  open  and  short  circuits  there¬ 
after.  Finally,  the  definition  of  for  the  textbook  Class  B  case  is 


2  V 


Rt 
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Therefore, 
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m.  THE  OPTIMUM  POWER  CLASS  B  TUNED  POWER  AMPLIFIER 


For  the  optimum  power,  or  overdriven  case,  both  the  dc  input  power  and  the  collector  wave¬ 
forms  are  allowed  to  change.  However,  for  a  fair  comparison  of  Class  B,  optimum  efficiency 
Class  B  and  the  overdriven  case,  the  peak  values  of  Vc(Q)  and  1^(0)  must  not  exceed  V CQ  and  Ig, 
respectively.  The  waveforms  for  this  mode  of  operation  have  been  shown  in  Fig.  2.  The  coeffi¬ 
cients  of  the  Fourier  expansion  of  Vc(G)  have  already  been  derived  in  Eqs.  9  through  13  and  are 
obviously  a  function  of  0^  or  K  (overdrive).  The  coefficients  of  the  expansion  of  lc(0)  that  apply 
to  this  mode  of  operation  have  been  derived  in  a  similar  fashion  and  are 
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The  function  f(K,  0^)  can  be  evaluated  but  is  not  needed  for  this  analysis.  The  expression  for  rf 
output  power  at  the  fundamental  frequency  as  a  function  of  0j  is  therefore 


out 
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The  dc  input  power  is  also  a  function  of  0^  so  that 


Pm(dc>  "  WaO 
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and  the  out-of-band  impedances  are  simply 
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Bn 
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2  V 
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Since  a  resistive  load  Rj  must  be  presented  to  the  device  at  the  even  harmonic  frequencies, 
power  will  be  dissipated  at  these  frequencies  so  that 


Pout(odd  n)  = 


V  1 
CC  s 


.K  sin  (O  —  n0) 

[  (1  —  n) 


K  sin  (O  +  nO) 
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(33) 


Although  the  output  power  obviously  continues  to  increase  with  increasing  K,  the  collector  effi¬ 
ciency  does  not.  Therefore,  the  "optimum  output  power"  is  defined  as  that  power  which  corre¬ 
sponds  to  maximum  collector  efficiency.  As  mentioned  before,  that  power  is  1.47  times  the  text¬ 
book  Class  B  value  and  occurs  when  K  =  5.2  db,  corresponding  to  a  collector  efficiency  of  88  per¬ 
cent.  Also,  if  the  power  gain  Go  of  any  device  is  defined  as  the  gain  occurring  when  the  device  is 
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Fig.  4(o).  Closs  A  dc  ond  ac  load  line  and  quiescent  aperoting  point. 


Fig.  4(b).  Class  A  collector  current  and  voltage  waveforms  far  optimal  loading  only. 
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Fig.  5.  Optimum  efficiency  and  optimum  power  Class  A  collector  current  ond  valtoge  wovefarms. 
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operated  according  to  textbook  Class  B  considerations  with  an  output  power  Pq,  then  the  new  ef¬ 
fective  gain  in  the  overdriven  case  is 


Jeff 
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out 

7 v 

2  _ o 
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4G  f  2K0 
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K2tt 


K  sin  20  . 


4  cos  0 
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Hence  a  theoretical  insensitivity  of  rf  output  power  of  0.5  db  for  a  change  in  input  drive  power  of 
5.2  db  is  possible  per  stage.  A  computer  program  was  written  to  solve  Eqs.  29,  30,  33,  and  34 
for  values  of  K  ranging  from  0  to  20  db  (power)  in  0.1  db  steps.  The  results  are  discussed  in 
Sec.  V. 

rV.  MODIFIED  CLASS  A  OPERATION 


If  the  same  technique  is  applied  to  a  tuned  Class  A  amplifier  with  the  stipulation  that  the  quies- 

>Je 

cent  operating  point  must  not  change  from  the  values  determined  by  "textbook"  Class  A  defini¬ 
tions,  then  an  improvement  in  output  power  is  possible.  Since  the  dc  input  power  is  fixed,  the 
optimum  power  case  is  identically  equal  to  the  optimum  efficiency  case.  According  to  the  wave¬ 
form  analysis  already  completed,  if  the  drive  power  to  a  Class  A  amplifier  is  fixed  and  only  the 
load  impedance  presented  to  the  output  terminals  (collector  to  common)  is  appropriately  selected 
so  that  V  (0)  is  allowed  to  approach  a  square  wave  symmetrical  about  Vc  [Figs.  4(a)  and  (b)],  then 
it  is  easily  shown  that  the  improvement  in  output  power  from  the  textbook  value  of  VcIc/2  is 
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For  the  more  interesting  case  (Fig.  5)  where  the  rf  drive  level  is  also  allowed  to  vary  (the  over¬ 
driven  case)  we  have  already  performed  the  analysis  necessary  to  write  the  design  equations. 
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Z  =  Rt  ,  n  odd  .  (40) 

n 

It  should  be  noticed  that,  unlike  the  overdriven  Class  B  case,  here  both  the  output  power  and 
collector  efficiency  continue  to  increase  with  overdrive  (K)  so  that  in  the  limit  as 


*  T.  S.  Gray,  Applied  Electronics  (Wiley,  New  York,  19 57),  p.403. 
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OVERALL  EFFICIENCY  nt  (percent) 


Fig.  6.  Overdriven  Class  B  operation.  Overall 

efficiency  versus  K  for  different  volues  of  G  . 
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Fig.  7.  Overdriven  Class  B  operation.  Collector  efficiency  versus  K. 
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What  is  of  interest,  then,  is  where  the  overall  efficiency  of  any  stage  is  maximum  for  a  given 
G  .  Here  Gq  is  defined  as  that  value  of  power  gain  that  occurs  when  the  stage  is  operated  ac¬ 
cording  to  textbook  Class  A  considerations.  A  computer  program  was  written  to  solve  for  PQUt(rfK 
Pout<n).  Geff,  collector  efficiency  (n^)  and  overall  stage  efficiency  (n^.)  for  values  of  K  ranging 
from  0  to  20  db  in  0.1  db  steps.  These  results  are  discussed  in  Sec.  V. 


V.  COMPUTED  DATA  AND  DESIGN  PROCEDURE 

To  best  explain  the  design  procedure  and  computed  curves  of  various  amplifier  stage  charac¬ 
teristics  for  different  values  of  K  (Figs.  6  through  12),  a  typical  transmitter  design  goal  is  speci¬ 
fied. 


rf  output  power  =  Pou^(r^)  =  10  watts 
rf  input  power  -  P^n(rf)  =“10dbm 
output  frequency  =  2  50  Mcps 

Many  devices  are  available  which  are  capable  of  delivering  10  watts  at  250  Mcps  and  a  typical  value 
for  at  this  level  is  8  db.  K  can  now  be  determined  for  the  overdriven  Class  B  case  from  Fig.  6. 

G  =  8  db 
o 

n^.  =  73.6  percent 
K  =  1 .8  db 


From  Fig.  7 


and 


P  (rf)  =  n  [P.  (dc)] 
out  c  1  in  n 

Pin(dc)  =  10watts/0.85  =  11.65  watts 


From  Fig.  8 

G  ,,  7. 14  db  ,  K  -  1.8  db 

eff 


If  we  use  this  procedure  down  to  a  low  rf  drive  level  (say,  100  mw)  where  there  is  insufficient 
drive  power  for  Class  R  operation,  the  overall  dc  to  rf  conversion  efficiency  so  far  will  be  ap¬ 
proximately  70  percent.  The  rf  input/output  and  efficiency  characteristics  for  the  power  am¬ 
plifier  section  of  the  transmitter  can  be  calculated  by  using  Figs.  6  through  9.  The  power  dis¬ 
sipated  at  the  third,  fifth  and  seventh  harmonic  frequencies  can  be  read  directly  from  Fig.  13. 

The  curves  shown  in  Figs.  8,  10,  11  and  12  can  be  used  in  a  similar  way  to  design  an  over¬ 
driven  Class  A  preamplifier  section.  A  typical  value  for  Gq  at  these  levels  is  11  db. 

VI.  EXPERIMENTAL  VERIFICATION  OF  THEORY 

A  power  amplifier  capable  of  delivering  46  watts  at  approximately  250  Mcps  into  a  50-ohm 
load  was  designed,  constructed  and  tested  for  the  space  environment,  according  to  the  theory 
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EFFECTIVE  GAIN  Gtff  <db> 


£ 


Fig.  8.  Overdriven  Closs  A  or  C  loss  B  operotion. 
Effective  go  in  versus  K  for  different  volues  of  G  . 


Fig.  9.  Overdriven  Closs  B  operation.  Output  power  versus  K. 
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Fig.  10.  Overdriven  Class  A  operation.  Overall 
efficiency  versus  K  for  different  values  of  G^. 


Fig.  11.  Overdriven  Class  A  operation.  Overall  efficiency  versus  K. 
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HARMONIC  POWER  Idb  belc 


Fig.  12.  Overdriven  Class  A  operation.  Output  power  versus  K. 


K  (db) 


Fig.  13.  Overdriven  Class  A  or  Class  B  op¬ 
eration.  Harmonic  output  power  versus  K. 
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Fig.  14.  Output  stage  amplifier  schematic  diagram. 

developed.  Four  11.50-watt  power  amplifiers  were  paralleled  in  the  output  stage  using  3-db 
hybrids  to  develop  this  power  reliably  with  commercially  available  devices.  At  center  frequency 
the  air-line  hybrids  have  an  insertion  loss  beyond  3  db  of  approximately  0.07db. 

An  output  stage  amplifier  schematic  diagram  is  shown  in  Fig.  14.  Since  the  input  impedance 
is  very  low  (typically  0.7  +  j3)  compared  to  the  effective  value  of  the  collector  to  base  capacity 
Cob,  Cob  is  effectively  from  collector  to  ground.  Therefore,  at  the  operating  frequency,  CQb 
cannot  be  neglected  and  is  by  design  a  component  of  the  output  matching  network.  The  effective 
value  of  CQb  is  approximately  twice  the  minimum  value.  At  the  second  harmonic,  the  design 

equations  call  for  a  short  circuit  from  collector  to  ground.  However,  at  this  frequency  Xn  is 

ob 

essentially  an  rf  short  circuit,  so  that  an  external  short  need  not  be  added.  For  this  design,  the 
higher  order  impedance  terms  were  neglected.  A  comparison  of  the  theoretical  and  measured 
performance  of  the  amplifier  is  given  in  Fig.  15  and  a  photograph  of  the  setup  in  Fig.  16. 


Fig.  15.  Fundomentol  output  power  ond  overoll  efficiency  versus  rf  drive  (theoreticol  ond  measured  curves). 
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Fig.  16.  46-watt,  250-Mcps  amplifier  and  preampl ifier. 

VII.  SUMMARY  AND  CONCLUSION 

An  improvement  in  both  efficiency  and  output  power  beyond  the  values  described  by  textbook 
definitions  ean  be  realized  by  simply  controlling  the  in  and  out  of  band  load  impedances  presented 
to  a  device  originally  biased  Class  A  or  Class  B.  The  effect  on  output  power  of  variations  of  rf 
drive  level  with  time,  temperature,  aging  and  radiation  damage  ean  be  significantly  reduced  by 
controlling  the  harmonically  related  load  impedances  and  overdriving.  Finally,  the  theory  has 
been  verified  by  the  construction  and  testing  of  a  46-watt,  450-Meps  amplifier  which  exhibited  an 
insensitivity  of  output  power  to  rf  drive  level  within  1.2db  of  the  calculated  theoretical  value  and 
an  overall  de  to  rf  conversion  efficiency  within  3  percent  of  the  theoretical  value. 

A  complete  tabulation  of  the  calculated  design  data  and  computer  program  is  given  in  Ap¬ 
pendix  A. 
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